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Gerais, Av. Antônio Carlos 6627, Pampulha, Belo HorizThe glycosyltransferase UGT85H2 fromMedicago truncatula catalyzes glucosylation of the (iso)ﬂavo-
noids kaempferol and biochanin A. Structure-based mutagenesis of UGT85H2 was carried out to
explore the roles of amino acids involved in substrate binding. Substitution of Ile305 by threonine
increased catalytic efﬁciency 37- or 19-fold with kaempferol or biochanin A as acceptor, respec-
tively. A point mutation V200E also dramatically improved the turnover rate and catalytic efﬁciency
by 15-fold for kaempferol and 54-fold for biochanin A. More interestingly, this single mutation
(V200E) conferred reversibility in the glycosyltransfer reaction, indicating that Glu200 is a key deter-
minant for the deglycosylation function.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Uridine diphosphate glycosyltransferases (UGTs) catalyze gly-
cosylation reactions transferring a sugar moiety from a uridine
diphosphate-sugar to low molecular weight acceptors. They are
inverting enzymes that form a b-glucosidic linkage, and belong
to family 1 of the glycosyltransferase superfamily [1,2] (http://
www.cazy.org/fam/acc_GT.html). Glycosylations are among the
most important chemical reactions in plants since they are integral
to the biosynthesis of various bioactive natural products, regula-
tion of hormone activity, and metabolism of toxins [3,4]. They play
key roles in the biosynthesis of plant natural products [5], enhanc-
ing their solubility and stability, and facilitating their storage and
accumulation in plant cells.
(Iso)ﬂavonoids are a diverse group of plant natural products,
exhibiting bioactivities with important implications for plant, ani-
mal and human health [6–9]. They often exist in glycosylated
forms. UGT85H2 from Medicago truncatula is an (iso)ﬂavonoid gly-chemical Societies. Published by E
GT, uridine diphosphate
niversidade Federal de Minas
onte, MG 31270-901, Brazil.cosyltransferase with activity toward ﬂavonols (e.g. kaempferol)
and isoﬂavones (e.g. biochanin A) (Fig. 1).
Crystal structures of four plant UGTs have been solved, includ-
ing M. truncatula UGT71G1 [10] and UGT85H2 [11], grape VvGT1
[12] and Arabidopsis UGT72B1 [13]. These studies provide a solid
structural basis for better understanding enzyme catalytic mecha-
nism and speciﬁcity for plant UGTs. The structures reveal that the
nucleotide sugar donor is bound to the C-terminal domains of the
enzymes and the acceptor binds to the N-terminal domains, and
also reveal enzyme catalytic residues (e.g. His21 and Asp125 in
UGT85H2, Fig. 1). His is the general base for deprotonation of the
acceptor molecule and Asp is also essential for enzyme activity
by interacting with His.
Structure-based rational mutagenesis studies have facilitated
identiﬁcation of key amino acids involved in substrate binding
and catalysis of UGTs, and generated mutants with altered regio-
speciﬁcity, compromised activity or increased turnover. For exam-
ple, Arg25 was identiﬁed as a crucial residue for Bellis perennis
UGT94B1 activity with uridine diphosphate (UDP)-glucuronic acid
[14]; Glu392 is critical for primary catalysis of Glycine max
GmIF7GT [15]; and four residues (Arg59, Asp87, Leu127, and
Phe149) play important roles for catalysis of Phaseolus lunatus gly-
cosyltransferase ZOG1 which, when mutated, dramatically im-
paired enzyme activity against zeatin [16]. Studies on M.
truncatula UGT71G1 showed that Y202A and F148V mutationslsevier B.V. All rights reserved.
Fig. 1. Structures of acceptors and molecular model of UGT85H2 mutants. (A) Structures of kaempferol and biochanin A. The glycosylation sites are marked with . (B)
Molecular model of UGT85H2 mutant V200E-I305T. (C) Substrate binding pocket; (D) Semitransparent molecular surface showing substrate binding pocket. UDP-glucose
(UPG, upper structure) and kaempferol (KMP, lower structure) were docked into the putative binding pockets of the UGT85H2 mutant V200E-I305T. Selected amino acid
residues in the binding pocket are shown and labeled.
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mutation in A. thaliana UGT74F1 increased selectivity of catalysis
toward the 40-OH of quercetin [18].
Reversibility of glycosylation has been reported for some plant
GT enzymes which can transfer sugars from glucosides to UDP.
The enzymes include UDP-glucose:sinapic acid glucosyltransferase
from Brassica napus [19], a 3-O-glucosyltransferase from parsley
cell cultures [20] and M. truncatula glycosyltransferase UGT78G1
[21]. The reversibility of GTs may play a role in the catabolism of
secondary metabolites.
In the present study, we employed site-directed mutagenesis of
the M. truncatula glycosyltransferase UGT85H2 to explore roles of
amino acid residues in the binding pockets for the donor or the
acceptor molecules, and thus likely to interact with them according
to molecular docking studies. Substitutions in the substrate bind-
ing pocket (mutants I305T, I305T-V200E) resulted in more efﬁcient
turnover for the substrate kaempferol or kaempferol and biochanin
A (mutant V200E). A single mutation (V200E) led to the enzyme
gaining deglycosylation activity, indicating the critical role of this
residue in deﬁning the catalytic activity of the enzyme.
2. Materials and methods
2.1. Materials
General chemicals were purchased from Sigma (St. Louis, MO).
UDP-[U-14C] glucose (300 mCi/mmol) was obtained from AmericanRadiolabeled Chemicals Inc. (St. Louis, MO) and (iso)ﬂavonoids
from Indoﬁne Chemical Co. Inc. (Hillsborough, NJ).
2.2. Site-directed mutagenesis, protein expression and puriﬁcation
The QuikChange II XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA) was used to generate single or double mutants
from the template M. truncatula UGT85H2 cDNA cloned into
pET28a(+) vector (Novagen, Milwaukee, WI) containing an N-ter-
minal hexa-histidine tag. The sequences of the oligonucleotides
used as forward primers are listed in Supplementary data (Table
SI). Mutations were conﬁrmed by sequencing.
The wild-type and mutant enzymes of UGT85H2 were ex-
pressed in Escherichia coli BL21(DE3) as described previously
[11]. Recombinant proteins were puriﬁed using the MagneHis pro-
tein puriﬁcation system according to the manufacturer’s instruc-
tions (Promega, Madison, WI).
2.3. Enzyme assay and kinetics
Pure recombinant enzymes (15 lg) were incubated at 30 C for
3 h with 50 mM Tris buffer (pH 7.0) containing 2.5 mM sugar do-
nor (UDP-glucose, UDP-galactose, or UDP-glucuronic acid) and
250 lM (iso)ﬂavonoid in a ﬁnal volume of 50 ll. Reactions were
stopped by adding 250 ll ethyl acetate and vortexing. The organic
phase was dried, the material re-suspended in 50 ll HPLC grade
methanol and analyzed by HPLC [21]. Peak area (at 254 nm) versus
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authentic standards of biochanin A 7-O-glucoside and kaempferol
3-O-glucoside, the speciﬁc activities were then calculated from
such standard curves and expressed as pmol of product min1 mg
protein1.
The reverse reaction was carried out with biochanin A 7-O-glu-
coside and kaempferol 3-O-glucoside at 250 lM in the presence or
absence of 5.0 mM UDP following the procedure described else-
where [21]. The speciﬁc activity, expressed as pmol of agly-
cone min1 mg protein1, was determined from standard curves
plotted for authentic standards of biochanin A and kaempferol.
For enzyme kinetic study with (iso)ﬂavonoid acceptor sub-
strates, reactions containing 8.5 lg protein were carried out as de-
scribed previously [11]. Kinetic parameters were derived by
hyperbolic regression analysis using the Hyper32 software
(http://homepage.ntlworld.com/john.easterby/hyper32.html).
2.4. Molecular docking
Based on the determined UGT85H2 structure, molecular model-
ing was carried out using the program COOT [22] to generate the
structure models for mutants. The automated docking program
GOLD [23] was used to dock the sugar donor UDP-glucose and
acceptors into the UGT85H2 mutants’ active sites, and the struc-
tures of UGT71G1 bound with UDP-glucose and VvGT1 bound with
UDP-2-deoxy-2-ﬂuoro glucose and kaempferol were used as refer-
ences. All docking calculations were restricted to the predicted
binding pocket by deﬁning the active site with residue His21.
3. Results and discussion
3.1. Effect of mutagenesis of residue 305 on speciﬁc enzyme activity
UGT85H2 catalyzes the regioselective 3-O-glycosylation of
kaempferol and the 7-O-glycosylation of biochanin A (Fig. 1A)
[11]. As shown in the structure of UGT85H2, residue Ile305 is lo-
cated in the substrate binding pocket, close to the sugar moiety
and b-phosphate group of the donor UDP-glucose, and also near
the acceptor (e.g. the 5-OH of kaempferol) (Fig. 1B–D). This residue
may therefore play key roles in interacting with both donor and
acceptor and thus affect enzyme activity.
To explore the role of residue 305 in enzyme activity and catal-
ysis, mutagenesis of UGT85H2 and kinetic studies of both wild-
type and mutant enzymes were carried out. As reported, the resi-
due Thr305 in the UGT85H2 structure is in conﬂict with the se-
quence deposited in GenBank (accession number DQ875463) that
gave Ile as residue 305. To clarify this discrepancy, PCR analysesFig. 2. Speciﬁc activity of UGT85H2 and its mutants toward kaempferol and biochani
activity. B7OG, biochanin A 7-O-glucoside; K3OG, kaempferol 3-O-glucoside.using genomic DNA from leaves of M. truncatula cvs. A17 or
R108, or cDNA from ﬂowers of M. truncatula cv. A17 as templates
were carried out, and these conﬁrmed that Ile rather than Thr is
the natural residue at position 305. A point mutation (from ATT
to ACT), likely originating as a PCR ampliﬁcation artifact, appar-
ently generated the mutant UGT85H2-I305T the crystal structure
of which was determined. We obtained the correct wild-type en-
zyme (wtUGT85H2) and generated mutations in residue 305 by
altering its side chain to investigate its importance.
The wild-type and all the mutant enzymes exhibited activity to-
ward kaempferol and biochanin A and maintained similar regiose-
lectivity. The I305T mutant of UGT85H2 was about 4- and 6-fold
more active than the wild-type enzyme in the glycosylation of
biochanin A and kaempferol, respectively (Fig. 2A). Replacing
Ile305 with Ser (I305S) resulted in an enzyme with the same activ-
ity towards kaempferol as the I305T mutant (Fig. 2A). However, the
activity of I305S with biochanin A was 7.5-fold higher than that of
the wild-type and twice as high as that of the I305T mutant.
Slightly higher activity with kaempferol or biochanin A was
achieved when the basic amino acid Lys replaced Ile. Mutants with
Val or Asn at residue 305 exhibited activity levels comparable to
those of the wild-type enzyme (Fig. 2A).
Structural analysis and modeling showed that replacement of
Ile with Thr or Ser at position 305 may lead to favored hydrogen
bond interaction with the 5-OH of the acceptor kaempferol, and
provide a favored environment for substrate, therefore resulting
in the dramatic increase of enzyme activity. In contrast, substitu-
tion of this position with hydrophobic (Val), basic (Lys), or amide
(Asn) amino acids furnishes proteins with activity levels as low
as those of wtUGT85H2.
Further kinetic studies and comparisons were carried out for
the wild-type and mutant enzymes (Table 1). Compared to
wtUGT85H2, the I305T mutant exhibited 25- and 12-fold lower
Km values with biochanin A and kaempferol, respectively. For the
I305T mutant, the maximal velocity (Vmax) and turnover rates (kcat)
increased 3-fold with kaempferol, but decreased slightly (1/4)
with biochanin A. The I305T mutant exhibited 19- and 37-fold
higher catalytic efﬁciency (kcat/Km) toward biochanin A and
kaempferol, respectively, than the wild-type enzyme, and pos-
sesses a 7-fold higher catalytic efﬁciency for kaempferol than for
biochanin A.
3.2. Effect of mutagenesis of residue 200 on enzyme activity
In the other side of the acceptor binding pocket, residue Val200
is close to the 40-hydroxyl group of kaempferol (Fig. 1B–D) and
may be critical for interacting with acceptor, thus affecting cataly-n A. (A) Effect of Ile305 mutations on activity; (B) Effect of Val200 mutations on
Table 1
Kinetic parameters of UGT85H2 and its mutants toward the ﬂavonol kaempferol and the isoﬂavone biochanin A.
Enzyme Substrate Vmax (lMmin1 mg protein1) Km (lM) kcat (s1) kcat/Km (s1 M1)
wtUGT85H2 Kaempferol 4.1 35.5 1.9  104 5.4
Biochanin A 4.0 118.9 1.8  104 1.5
V200E Kaempferol 16.2 9.4 7.8  104 82.9
Biochanin A 26.7 16.0 12.9  104 80.6
I305Ta Kaempferol 12.6 2.9 5.7  104 197.6
Biochanin A 3.0 4.8 1.4  104 28.5
V200E-I305T Kaempferol 28.3 14.1 13.7  104 97.3
Biochanin A 2.6 9.0 1.3  104 14.5
a Data recently reported by our group [11] and listed for comparison.
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UGT85H2, we generated mutations at this position by changing
the non-polar Val to amino acid residues with charged (Glu and
Asp) or uncharged (Asn and Gln) polar side chains.
The V200E mutation dramatically increased enzyme activity,
especially toward biochanin A (10-fold, Fig. 2B). Substitution of
Val200 with Asp also increased the activity substantially. The dou-
ble mutant V200E-I305T exhibited 2–4-fold higher activity than
that of its parental single mutant I305T (Fig. 2B). The formation
of monoglucosides of biochanin A and kaempferol was 10–12-fold
higher in reactions catalyzed by V200E-I305T than by wtUGT85H2.
Similar effects were observed for the double mutants V200D(E, N
or Q)-I305T toward kaempferol, although V200N-I305T yielded
levels of biochanin A 7-O-glucoside as low as those obtained with
wtUGT85H2.
Further kinetic studies were carried out for the single mutant
V200E and the double mutant V200E-I305T (Table 1). Mutant
V200E exhibited 4- and 7-fold lower Km, 4- and 7-fold higher VmaxFig. 3. HPLC analysis of (iso)ﬂavonoid aglycones formed by UGT85H2 mutants operati
protein, 250 lM biochanin A 7-O-glucoside (B7OG) or kaempferol 3-O-glucoside (K3OGand kcat, and 15- and 54-fold higher catalytic efﬁciency with
kaempferol and biochanin A, respectively, compared to
wtUGT85H2. The double mutant V200E-I305T exhibited 3- and
13-fold lower Km with kaempferol and biochanin A, respectively.
Its Vmax and kcat increased 7-fold toward kaempferol, but de-
creased slightly (1/3) toward biochanin A. The catalytic efﬁciency
increased 19- and 37-fold for biochanin A and kaempferol,
respectively.
The enhancement in the catalytic efﬁciency is consistent with
the molecular modeling and docking studies: the B ring of kaempf-
erol may enter deeply into the acceptor binding pocket of the en-
zyme. Compared with wild-type enzyme, residue Glu200 in the
mutant V200E may form a stronger interaction with the substrate
by forming a hydrogen bond with the 40-OH of kaempferol. With
the glycosylation site (7-OH) of the isoﬂavone biochanin A ﬁtting
into the active site, its B ring points to the solvent. However, bioch-
anin A may also form stronger interactions with the V200E mutant
than with wild-type enzyme and its 7-OH may be close to Glu200.ng in the reverse direction in the presence of UDP. Reactions containing 15 lg of
) and 5.0 mM UDP were incubated at 37 C for 3 h. B, biochanin A; K, kaempferol.
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Reversibility of glycosylation is a unique function of some plant
UGTs. To explore if mutations affect and enhance this function, en-
zyme assays for the reverse reaction were carried out with bioch-
anin A 7-O-glucoside or kaempferol 3-O-glucoside as substrates in
the presence or absence of UDP. The mutants V200E and I305T-
V200E, but not wtUGT85H2 or I305T, were able to convert both
biochanin A 7-O-glucoside and kaempferol 3-O-glucoside into the
corresponding aglycone when UDP was present in the reaction
mixture (Fig. 3). Speciﬁc activities of V200E, expressed as pmol of
formed aglycone min1 mg protein1, toward biochanin A 7-O-glu-
coside and kaempferol 3-O-glucoside were 1934 ± 23 and
2438 ± 610, respectively. V200E-I305T catalyzed the formation of
453 ± 39 pmol of biochanin A min1 mg protein1 and
3847 ± 125 pmol of kaempferol min1 mg protein1. The deglyco-
sylation activity of mutant V200E was around 4-fold higher than
that of mutant V200E-I305T with biochanin A 7-O-glucoside as
substrate. The rate of kaempferol 3-O-glucoside deglycosylation
was roughly the same for both mutant enzymes.
The reversibility of plant UGT reactions has been poorly ex-
plored, with only few examples being reported for wild-type en-
zymes only [19–21,24,25], e.g. a 3-O-glucosyltransferase from
parsley cell cultures was able to transfer glucose from quercetin
and kaempferol 3-O-glucoside to UDP enabling the formation of
UDP-glucose [20]. Consistently, UDP was required for UGT85H2
mutants to carry out the reverse transfer reactions, and no activity
was detected in the absence of UDP. The wild-type UGT85H2 and
its single mutant I305T do not operate in the reverse direction,
whereas the mutants V200E and V200E-I305T do, suggesting that
amino acid residue Glu200 of these mutants plays a key role in
the reverse reaction. Structural analysis and a docking study
showed that the substrate binding pocket is relatively large, and
the glycoside may ﬁt into the pocket with a certain degree of ﬂex-
ibility. The side chain of Glu200 is long and ﬂexible, may possibly
interact with the glycoside, and may even extend close to the
deglycosylation site. Further biochemical and structural studies
are needed to understand the reverse reaction mechanism.
This study has identiﬁed two efﬁcient mutants of glycosyltrans-
ferase UGT85H2 and revealed the critical roles of Glu200 and
Thr305 for enhancing substrate binding and activity and Glu200
as a key amino acid for reversibility. To the best of our knowledge,
this is the ﬁrst report on the use of mutagenesis as a tool to impart
reversibility to a plant glycosyltransferase. These ﬁndings highlight
the value of such tools for generating enhanced glycosyltransferase
mutants with potential use as biocatalysts for the production of
valuable bioactive glycosides, such as (iso)ﬂavonoid monogluco-
sides. This approach may be applied to other plant UGTs for
designing effective mutants with reversibility to produce activated
sugars by moving monosaccharide from one scaffold to another or
substituting it on a core scaffold.
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